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Abstract
We investigate a beyond standard model (SM) portal scenario for dark matter (DM)
particle with leptoquark being the mediator field. Leptoquark, a colored particle having
both baryon and lepton number, allows the DM to interact with the SM fields via renormal-
izable interaction. By focusing on a vector leptoquark portal with Majorana fermion DM
candidate, we find the only unknown coupling in the model is sensitive to all three main
features of a DM model namely, relic density, direct detection as well as indirect detection,
while being consistent with collider data. We explore the parameter space of the portal
with minimum of its field content and find that AMS-02 data for antiproton flux imposes
stringent bound till date and excludes the DM mass up to 400 GeV. The LUX 2016 data
for DM-neutron scattering cross section allows the region compatible with relic density,
however the future sensitivity of LUX-ZEPLIN experiment can probe the model up to its
perturbative limit.
1 Introduction
The cosmological evidences of missing mass hypothesized as dark matter (DM) support its
gravitational interaction. No other type of interactions for DM is found till date. From particle
physics perspective various different interactions of the DM candidate are speculated. Within
the standard model (SM), while the most promising DM candidate i.e., neutrinos, turn out
incapable of being a cold DM due to very light mass and non-relativistic nature, we are forced
to extend the SM beyond its particle content. Since the coupling of the DM candidate to the
SM particles are unknown, it is worthwhile to explore all possible extensions of the SM with
manifest non-gravitational interactions.
From the last three decades, plethora of candidates have been imagined as a DM particle
in literature. Among them one of the most popular choice is a weakly interacting and massive
particle (WIMP) whose mass lies in the GeV to TeV range with typically weak interactions.
A WIMP pair annihilation to the SM particles provides a natural mechanism to produce the
WIMP at the early Universe and can also explain the observed DM density in current Universe.
Now, in the case of SM gauge singlet DM candidates, the mediation of dark interaction to the
SM fields through renormalizable interactions are known as “portal”. Within the SM, there are
three such portals namely, Higgs portal [1], gauge boson portal [2] and neutrino portal [3]. The
portals can also comprise beyond standard model (BSM) particles e.g. Z ′ portal [4].
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In this work we study the minimal model with leptoquark portal. Leptoquarks, a spin zero
or spin one particle, can turn a lepton to quark and vice-verse. In several extensions of the
SM, which treat the leptons and quarks in the same basis, like SU(5) [5], SU(4)C × SU(2)L ×
SU(2)R [6], or SO(10) [7] and also theories with composite model [8] and technicolor model [9]
can contain such particles. Leptoquarks carry both baryon and lepton numbers simultaneously.
Depending on the SM gauge quantum numbers of the leptoquark, renormalizable interaction
terms consisting of SM fields, leptoquark and a SM singlet fermion can automatically be included
in the theories where the singlet fermion may serve as a cosmologically stable DM candidate.
Based on the spin of the leptoquark, the portal can be terms as scalar leptoquark portal
or vector leptoquark portal. Few previous studies on scalar portal models can be found in
Refs. [10–13]. In most of these analyses, the main focus is at the low DM mass region. Another
similar framework with scalar mediator is also studied in Ref. [14] where apart from the WIMP
paradigm, a different region in the parameter space is also explored based on the mechanism
of conversion-driven freeze-out. In this paper, we concentrate on the vector leptoquark portal
which is less studied compared to the scalar portal. Being a vector particle, this scenario has
greater chances to be probed in direct as well as indirect detection experiment due to the larger
cross section. Our choice of the particular leptoquark is the very first leptoquark which has been
described in literature in Pati-Salam model [6]. Here we only study a simplified version which
is assumed to describe the physics at the phenomenologically relevant scales of a UV complete
theory to good approximation. As the leptoquark under discussion is a vector particle, it should
be gauged under some symmetry group in the UV complete model. The spontaneous breaking
of the symmetry will render mass for the leptoquark. Some attempts to write a UV model can
be found in Refs. [15, 16]. As we see in the next section, to stabilize the DM particle we need
to impose some discrete symmetry which can be a remnant of some larger symmetry of the
UV theory. Recently, the vector leptoquark has also received significant impetus for having the
possibility in explaining the anomalies observed in charged-current as well as neutral current
transitions of B mesons [17–21].
The leptoquark portal models have the detectability through direct detection experiments.
In the case of dirac fermion DM particle, both spin-independent (SI) and spin-dependent (SD)
scattering cross sections exist and hence provide more opportunity to probe such scenario com-
pared to a Majorana fermion DM where only spin-dependent cross section survives. At recent
time, the direct detection experiments especially XENON1T [22], LUX [23] impose very strin-
gent bounds on the DM-nuclei cross section. In this work, we discuss the case with a Majorana
fermion DM particle.
Indirect detection techniques to detect the cosmic ray fluxes through the dedicated detectors
can receive signals from leptoquark portal models as well. Depending on the final states to which
the DM pair annihilates dominantly, Fermi Large Area Telescope (LAT) and Alpha Magnetic
Spectrometer (AMS) measurements can be very relevant and thus providing yet another way to
probe this type of models.
The rest of the paper is organized as follows. In Sec. 2, we discuss the possible leptoquark
portals which can arise from the minimal field content of the SM and then focus on an explicit
vector leptoquark portal model. Section 2.1 contains the details of relic abundance calculation
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and in Sec. 2.2, the DM-nuclei cross section for direct detection experiments are described.
Combining the findings of the previous sections, we illustrate the results in Sec. 3 with the
discussion on recent collider bounds and indirect detection limits. Finally, we summarize in
Sec. 4.
2 Leptoquark portal
In this section we briefly discuss the possible choices of leptoquark portals. By suppressing the
color and generation indicies, we quote such possible interaction terms with the SM quantum
numbers and spin of the mediator leptoquark, as the following.
Interaction (SU(3)C , SU(2)L, U(1)Y ) Spin
d¯CRX ψ (3¯, 1, 1/3) 0
u¯CRX ψ (3¯, 1, −2/3) 0
Q¯LX ψ (3, 2, 1/6) 0
Q¯CL γ
µXµ ψ (3¯, 2, −1/6) 1
u¯R γ
µXµ ψ (3, 1, 2/3) 1
d¯R γ
µXµ ψ (3, 1, −1/3) 1
Here QL and uR, dR are the SM SU(2)L quark doublets and right-handed singlets, respec-
tively. The boson X(µ) denotes the scalar (vector) leptoquark and ψ is a SM singlet fermion, the
would be DM candidate.
For first four cases, the interaction of the leptoquark with other SM fields induce baryon
number violating processes [24] and thus generally give rise to proton decay. Hence we avoid
such types from our considerations. It is should be noted that in the case of Dirac DM particle,
the SI DM-nuclei cross section measurements by XENON1T [22] and LUX [23] experiments
almost completely exclude the parameter space at its minimal content. For instance for the last
two cases, if ψ is an O (100 GeV) Dirac DM particle, for O (TeV) mediator mass, the coupling
of the interaction term > 0.05 is excluded at 90% C.L. by XENON1T 2018 data [22], whereas
the required coupling to satisfy observed relic density is one order higher. Hence we prefer to
consider Majorana DM candidate for the analysis of this work. Now we see in the next section,
that the thermal average annihilation cross section of Majorana DM pair is proportional to
the square of the mass of final states quarks and thus in the case of DM pair annihilating to
down-type quark anti-quark pair, the annihilation rate is insufficient to produce the observed
relic density within the perturbative limit of the interaction strength. Hence the only reasonable
choice among the six portals shown above reduces to the fifth portal namely a vector leptoquark
with (3, 1, 2/3) quantum numbers under the SM gauge group. In rest of the paper we explore
this particular portal elaborately.
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The Lagrangian of such construct can be written as
L ⊂ −1
2
U †µνU
µν+m2U U
†
µU
µ − 1
2
mχχχ− yLQ¯LγµUµLL − yR d¯RγµUµeR − yχu¯RγµUµχ+ h.c. , (1)
where Uµν = Dν Uµ − Dµ Uν with Dµ = ∂µ − igsλ
a
2
Gaµ − ig′
2
3
Bµ. Here LL and eR are the SM
SU(2)L lepton doublets and right-handed singlets, respectively. The new fields, U is a vector
leptoquark with charges under the SM as (3, 1, 2/3) whereas χ is a Majorana fermion being
singlet under the SM gauge group. If mχ < mU , the two-body decay of χ is forbidden at tree
level. However, the interaction of U with the SM fields written in Eq. (1) will induce tree level
three body decay and one-loop induced decay of χ. Such decays can be avoided if we introduce
an extra symmetry, namely a Z2 symmetry and assume only the leptoquark U and χ are odd
under it. In such case, the fermion χ can serve as a cosmological stable DM candidate. There
have also been studies [25–27] where by relaxing the extra symmetry arguments, the constraint
on DM lifetime is imposed from observed cosmological signal while being consistent with the
thermal freeze out condition. In this case, the couplings yL,R turn out to be highly suppressed
for O(1) values of yχ. Hence for the analysis of this paper, we assume yL,R to be vanishing and
only last term of Eq. (1) is the relevant interaction which connects the visible sector to the dark
sector (χ).
In writing Eq. (1), we have assumed minimal coupling scenario i.e., the interaction term
igsU
†
µ
λa
2
UνG
a
µν is absent. It should be noted that the coupling of DM particle χ to the three
generations of up-type right-handed quarks can in general be different, however for simplicity, in
this analysis we assume them to be identical for all three generations. Similarly, the Yukawa type
couplings yL,R are general matrices with off-diagonal terms which are stringently constrained
by low energy processes like decays of Kaons and B mesons. Nevertheless, the purpose of
this work does not depend on the texture of such couplings and we refer to previous works in
literature [28,29] for this discussion.
2.1 Relic density
It can be seen from Eq. (1) that the DM candidate χ can annihilate into the SM up-type quark
anti-quark pair via a t-channel exchange of U (shown in Fig. 1). The thermal average annihilation
cross section is given by,
〈σv〉 = 3 y
4
χm
2
q
8pi
(
m2χ +m
2
U −m2q
)2 (1− m2qm2χ
)1/2
, (2)
where mq is the mass of up-type quark. It is apparent that for mχ > mt, χχ → tt¯ is the most
dominant annihilation mode.
For mχ < mt, with O(1) coupling, the annihilation channels to χχ→ uu¯, cc¯ are insufficient
to explain the observed relic density at present Universe. In such parameter space the processes
like χχ→ gg, Wtb, can also be important. In context of a scalar leptoquark portal withO (GeV)
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Figure 1: The Feynman diagram for the DM particle χ annihilation to up-type quark anti-quark
pair.
DM candidate, non-thermal production of DM can also be an alternative way to produce the
relic density as discussed in Ref. [11].
The model under consideration also poses co-annihilation channels such as χU → tg through
a t-channel U exchange. This process is significant only when the DM and the mediator are
very close in masses. Another interesting co-annihilation mode, through a s-channel top quark,
is χU → Wb and will only be efficient near the top quark resonance.
The observed relic abundance by Planck data Ωh2 = 0.1199 ± 0.0027 [30] can be achieved
by the thermal freeze-out condition, 〈σv〉 ≈ 2 × 10−9 GeV−2 and we explore the region in the
next section.
2.2 Direct detection
The direct detection signal for this type of model can arise from the diagram shown in Fig. 1.
After integrating out the vector leptoquark and keeping terms only at leading order in ∂2/m2U ,
the effective Lagrangian can be written as
Leff ' −
y2χ
4
(
m2U −m2χ
) χ¯ (1− γ5) γµu u¯ (1− γ5) γµ χ . (3)
Due to the fact that for a Majorana fermion χ¯γµχ = 0, after performing the Fierz transformation
we are left only with the spin-dependent interaction given by
Leff ' du u¯γµγ5u χ¯γµγ5χ ; du ≡ −
y2χ
4
(
m2U −m2χ
) . (4)
The DM-nucleon scattering cross section is expressed as [31]
σSD =
16m2χm
2
N
pi (mχ +mN)
2 d
2
u∆
N
u
2
JN (JN + 1) , (5)
where mN ' 1 GeV and JN = 1/2 are the mass and spin of a nucleon, respectively. The
factor ∆Nu denotes the spin fraction carried by a u-quark inside a nucleon and the estimates are
∆pu = 0.78± 0.02 for proton and ∆nu = −0.48± 0.02 for neutron [32,33].
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3 Results
The discussion in the preceding sections lead us to explore the parameter space of the model.
The thermal averaged annihilation cross section (in Eq. (2)) and the DM-nucleon scattering
cross sections (in Eq. (5)) are the two key predictions of the portal under consideration. It can
be seen from Eq. (2) and Eq. (5), both the expressions depend on three parameters, namely mχ,
mU and yχ. As mentioned earlier for mχ < mt, the annihilation cross section of the DM pair
to lighter up-type quark antiquark is inadequate to produce the observed relic density. Thus we
consider mχ > mt and vary up to O(TeV).
Collider bounds: The searches at the LHC constrain both the mediator and DM particle in
following ways. The leptoquarks can directly be searched for via pair and/or single production at
the colliders. The signatures for the considered leptoquark portal model are UU¯ → tt¯χχ, jjχχ
topologies. There exists other interesting final states arising from the first two terms of Eq. (1).
However as mentioned in Sec. 2, these couplings are highly suppressed for the stability of the DM
and thus are difficult to probe at current colliders [34]. Both ATLAS and CMS have searched
for the decay of leptoquarks into three generations of quarks with missing energy coming either
from the SM neutrinos or a DM particle. By rescaling a ATLAS search with 8 TeV data [35]
for pair-produced third generation scalar leptoquark in the tt¯ντ ν¯τ channel, mU < 770 GeV is
excluded at 95% confidence level with B(UU¯ → tt¯ντ ν¯τ ) = 0.25 [17]. In a search by CMS with
13 TeV data [36], mU . 1 TeV is excluded while imposing the bounds on vector leptoquarks [18].
A latest results from CMS with 35.9 fb−1 data [37] imposes most stringent bound mU > 1.5 TeV
to date by considering 100% branching fraction to tν. As we assume the coupling of vector
leptoquark U to up-type quarks and DM particle is same for all three generations, the maximum
branching fraction B(U → t¯χ) is around 30% and thus the limit on vector leptoquark mass can
be relaxed further in our model. To be consistent within the collider limits of 1σ uncertainty we
chose mU > 1 TeV for the analysis of this work.
Another set of important collider signatures for the model under consideration is the search for
monojet +  ET and monophoton +  ET at the LHC. While the later one being an electroweak
process, is suppressed, the prior mode can be relevant to look for at the LHC [38–42]. The
t-channel exchange of the vector leptoquark gives rise to final states with DM particles and
jets. The most recent limit on monojet +  ET channel is from ATLAS collaboration at 13 TeV
center-of-mass energy data with an integrated luminosity of 36.1 fb−1. To generate the parton
level cross section for the process pp → χχj, we use MadGraph5 [43] where the model files are
created by FeynRules [44]. We use NNPDF23LO [45] parton distribution function (PDF) with 5
flavor quarks in initial states. The basic cuts used are the following  ET > 250 GeV, a leading
jet with transverse momentum pT > 250 GeV and pseudorapidity |η| < 2.4. Due to large parton
distribution probability of the gluon as compared to the quark or anti-quark in the proton, the
qg → χχq process dominates. We find the region satisfying relic density with yχ = 1 for low DM
mass mχ . 200 GeV is excluded at 95% confidence level. A similar observation was made in
Ref. [46] in context of a scalar leptoquark mediator with Majorana DM candidate using 8 TeV
data from CMS collaboration [38]. It should be noted that to satisfy the relic density with higher
value of yχ, the mediator mass mU should also increase and in that case the cross section for
pp→ χχj decreases rendering weaker bounds from collider searches.
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Figure 2: The allowed region the mχ − mU plane for different choices of coupling λχ = 1
(solid), 2 (dotted) and perturbative limit
√
4pi (dashed) are shown. The red curves satisfy
the observed relic density [30]. The blue and green curves represent current limit from spin-
dependent DM-neutron scattering cross section measurement by LUX [49] and future sensitivity
of LZ experiment [50], respectively for the corresponding values of yχ. The region below these
direct detection bounds are excluded at 90% confidence level. The brown curves depict the
indirect detection bound from AMS-02 measurements [47, 48] which excludes mχ ≤ 400 GeV at
95% significance level. The rest of the parameter space is allowed by the current limits from
both direct and indirect detection experiments however will completely be probed with future
sensitivity of LZ experiment.
Indirect detection bounds: Indirect detection with gamma rays and antiprotons plays an
important role to test the DM self-annihilating nature predicted by thermal freeze-out condition.
The latest AMS-02 [47] cosmic ray antiproton data imposes strong bound on the scenario we
consider here. Fermi-LAT observations of dwarf spheroidal galaxies also limits the annihilation
cross sections however are weaker compared to the AMS-02 data. In Ref. [48], the limits on
DM pair annihilation cross section into different SM fields have been obtained by using AMS-02
measurements of antiproton flux. For the case in our consideration, the dominant annihilation
mode for the DM pair is to tt¯ and we use the bound in our final results.
Combining the above discussions, we highlight the allowed region the mχ − mU plane for
different choices of coupling yχ. The red curves satisfy the observed relic abundance by Planck
data Ωh2 = 0.1199 ± 0.0027 [30] where the texture solid, dot and dash denote yχ = 1, 2 and
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√
4pi, respectively. The red shaded region is forbidden by perturbativity limit. The blue and
green curves present current limit from SD DM-neutron scattering cross section measurement
by LUX [49] and future sensitivity of LUX-ZEPLIN (LZ) experiment [50], respectively, for the
corresponding values of yχ. The region below these direct detection bounds are excluded at
90% confidence level. It can be seen that for the current limit from LUX data, starting from
yχ = 1, all higher values are allowed and we have the entire parameter space compatible with
relic abundance and direct detection limit. However, the future sensitivity of LZ will rule-out
all the parameter space up to the perturbative limit of yχ. We also impose the bounds on
annihilation cross section from AMS-02 [47] measurements of antiproton flux depicted in brown
curves for the respective yχ values. This is currently the most stringent constraint on the model
under consideration and for mχ ≤ 400 GeV, the region satisfying thermal freeze-out condition is
excluded at 95% confidence level.
We have also checked with the DM-proton scattering cross section limits measured in LUX
experiment [50] which provides significantly less constrain on the parameter space compared to
the DM-neutron case, as the measurements are one order less stringent.
We would like to mention that the portal discussed here can contribute to a low energy
process namely D0 − D¯0 mixing via a box diagram mediated by the vector leptoquark U and
DM particle χ. Such amplitude is quadratically divergent and thus one needs to introduce a cut-
off scale Λ. For an O(TeV) Λ, the measured limit on |mD01 −mD01 | [51] imposes strong constraint
on coupling yχ of the DM with u and/or c quark. Such calculation is regularisation dependent
and can result in different bounds on yχ. This limit is, however, in apparent conflict with the
O(1) values required for direct detection. We infer that one way to avoid such discordance is by
invoking cancellation between fields due to yet-to-be-discovered symmetry of the full UV theory,
analogous to GIM cancellation.
4 Summary
In this work we discuss the class of DM models dealing with leptoquark portal. The dark sector
interacts with the SM fields via renormalizable interactions consisting of leptoquark, quark and
the DM particle. By briefly reviewing the current status of the different models in leptoquark
portal, we concentrate on a vector leptoquark portal with the leptoquark having charges under
the SM group as (3, 1, 2/3).
We consider a Majorana fermion DM candidate and assume the DM couples to all generations
of quarks with equal coupling. This choice provides minimal scenario with only three free
parameters in the model namely, the coupling yχ, mediator mass mU and the DM mass mχ.
This simplistic model then is tested with three key features of a DM model as following.
The collider searches for leptoquarks impose bound on the leptoquark mass ≥ 1 TeV which
enforce us to focus mostly the high mass regions. The DM pair annihilation to tt¯ can produce
the observed relic density with O(1) values of the coupling yχ. However, for mχ < mt, the
observed relic abundance is not achievable within the perturbative regime of the couplings. The
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same coupling yχ is also responsible for the DM-nucleon scattering cross section measured at
direct detection experiments. In Fig. 2, we show the combined bound from LUX 2016 data on
DM-neutron SD cross section measurements. The parameter space compatible with relic density
is allowed by such measurements however, the proposed sensitivity of LZ experiment can rule-
out the region up to the perturbative limit. The bound from DM-proton SD cross section data
from LUX is less stringent than the case of DM-neutron measurements.
The interesting observation from indirect detection experiment namely, AMS-02 data for
antiproton flux imposes stringent bound in the model under consideration. We illustrate in Fig. 2
that the DM mass . 400 GeV satisfying the relic constraint is excluded by such measurements
at 95% confidence level.
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